Abstract: Chronic graft versus host disease (cGVHD) is the leading cause of non-relapse mortality after allogeneic hematopoietic bone marrow transplantation (HCT) for blood malignancy in patients who survive for more than two years. cGVHD can significantly affect quality of life and cause decreased mobility amongst other grave consequences such as end-organ damage, contributing to morbidity and mortality rates for recipients of HCT. Unlike acute GVHD (aGVHD), the chronic variant of graft versus host disease (GVHD) has complex immunopathology involving both humoral and cell immunity. It typically affects the integumentary system, though is known to also affect myofascial, mucocutaneous tissues as well as cause end organ damage ultimately resulting in death. Sclerodermatous cGVHD is a type of cGVHD characterized by involvement of the skin, subcutaneous tissue and fascia without evidence of disease in the viscera. Manifestations of this disease are often evocative of autoimmune disease, which is a self-directed inflammatory reaction to the innate and adaptive immune system in various tissues or multiple organ systems. This inflammatory reaction gives rise to autoantibodies as well as B-cell and T-cell mediated direct toxicity which can cause chronic inflammatory changes of tissues ultimately resulting in tissue scarring and end organ dysfunction. We aim to review the literature on this grave disease and elucidate aspects of the immunopathology of chronic sclerodermatous GVHD in hopes that it may lead to revelations inspiring novel therapies after its diagnosis or preventative measures before stem cell transplantation for malignancy.
Sclerodermatous Chronic Graft Versus Host Disease
Chronic graft versus host disease (cGVHD) remains the predominant cause of non-relapse mortality in patients who receive allogeneic hematopoietic bone marrow transplantation (HCT) for blood malignancy and survive for more than two years [1] . The risk of cGVHD is increased with older HCT recipient age, transplant from an unrelated donor, use of peripheral blood as the HCT source as well as treatment with donor-lymphocyte infusion [2, 3] . cGVHD can greatly impact quality of life and mobility for those afflicted with it, contributing to morbidity and mortality for recipients of HCT. Unlike its acute counterpart, the chronic variant of graft versus host disease (GVHD) has complex immunopathology and most commonly affects the integumentary system, though is known to also affect myofascial, mucocutaneous tissues as well as cause end organ damage [1] . Sclerodermatous cGVHD is characterized by involvement of the skin, subcutaneous tissue and fascia without evidence of disease in the viscera [4] . Recipients of HCT who present with sclerodermatous skin changes have been demonstrated to have elevated levels of antibodies to TGF-B and PDGF [4] . Many manifestations of this disease are evocative of autoimmune pathology, which is a self-directed inflammatory reaction to the innate and adaptive immune system in various tissues or multiple organ systems. This inflammatory reaction gives rise to autoantibodies which can cause chronic inflammatory changes of tissues ultimately resulting in tissue scarring and end organ dysfunction [5] . The most characteristic histopathological feature of acute GVHD is dyskeratotic epidermal keratinocytes surrounded by lymphocytes called -satellitosis‖ [6, 7] . cGVHD in the skin begins with an appearance of lichenoid tissue inflammation which progresses to a condition with scleroderma-like features [6, 7] . On histology, sclerodermatous cGVHD features thickened collagen bundles in the dermis [6, 8] .
Clinical Features
Most cases of cGVHD occur in months or years after HCT, even when not preceded by acute GVHD (aGVGD). cGHVD symptoms are reminiscent of a variety of autoimmune diseases such as systemic sclerosis, Sjögren syndrome, systemic lupus erythematosus, primary biliary cirrhosis, bronchiolitis obliterans, and immune cytopenias [8] . Pathognomic characteristics include sclerosis, lichen-planus-like lesions, poikiloderma, esophageal webs, fasciitis, and bronchiolitis obliterans. Skin is the most common site involved in cGVHD at the initial diagnosis in about 75% of subjects [8] . [8] . Severity of cutaneous fibrotic disease can be measured noninvasively in terms of skin thickness and density by 20 MHz high-frequency ultrasonography as well as skin elasticity via non-invasive suction skin elasticity meter, Cutometer MPA 480. These two noninvasive parameters are an imperfect measurement and gold standard diagnostic testing is skin biopsy, but they can be employed to assess disease severity, though they are typically not used outside of the purposes of research [9] .
Immunopathology
cGVHD is a complex disease process which involves interaction between alloreactive and dysregulated T and B cells as well as innate immune defenses-namely, macrophages, dendritic cells, toll-like receptors (TLRs) and neutrophils which ultimately incite profibrotic pathways and disease manifestation.The immunological pathology of autoimmune disease generally is a failure of correct identification of self-antigens when they are presented. It was previously believed that cross-reactions with antigens carried by foreign particles such as microbes were responsible for inciting auto-aggressive phenomena. Studies have now shifted to investigating the microenvironment of the presentation process to identify self [5, 10] . This may contribute to understanding of pathology of cGVHD after hematopoietic stem cell transplantation in context of a cytotoxic environment affected by immune-depleting chemotherapeutics necessary in pre-transplantation protocols.
Our basic understanding of chronic GVHD from study of experimental animal models is that it is a 3-step process. First, there is an activation of host antigen-presenting cells (APCs) which are induced by the HCT preconditioning protocols in an acute inflammation and tissue injurious phase [1] . This has been described as a reaction of innate immunity which is mediated by cytokines, toll like receptor agonists, neutrophils, platelets which are released in response to cytotoxic agents, infections and acute GVHD [1] . This is followed by a phase of chronic inflammation and dysregulated adaptive immunity which is distinguished by proliferation and migration of effector T cells, B cells, antigen-presenting cells and NK cells [11, 12] . It is during the final -effector phase‖, that involvement of the innate and adaptive immunity is observed in a process directed dysregulated donor lymphocyte populations via transforming growth factor-β (TGFβ), PDGFα, TNFα, IL-17, macrophages and fibroblasts which ultimately cause organ damage and fibrotic skin changes [11, 13] . The release of these profibrotic mediators causes macrophage and fibroblast activation, collagen deposition, fibrosis and irreversible end organ damage.
In cGVHD, TGFβhas been shown to be central for the development of skin fibrosis via Th2/Th17 pathways. Monocyte-produced TGF-β1, a potent stimulus for collagen synthesis, is thought to drive the fibrosis which causes eventually debilitating sclerodermatous skin changes and skin contractures [6, 14] .
Highly cytotoxic ablative chemotherapy may predispose an auto-aggressive innate immunity response via release of cytotoxic agents which directly trigger toward the Th1 and Th17 as well as TGF-b and IL-6 pathways, inciting adaptive regulatory lymphocyte production [10, 15, 16] . CD4+
CD25+ regulatory T cells (Tregs) are thought to influence the size of peripherally activated CD4 count in the arsenal prepared to identify and attack exogenous systems or develop auto-inflammatory reactions and subsequent tissue damage [17] . A balance between memory and activated peripheral CD4 cells exists on account of direction by the Treg pool and disruption of this balance in the healthy individual can result in derangements in the peripheral lymphocyte population and thereby incite immune deficiencies or clonal expansions resulting in autoimmune disease and its manifestations [11] .
The role of humoral immunity in GVHD immunopathology has also been examined in great detail, [18] . It is also understood that antigen presentation by activated B cells that have upregulated major histocompatibility complex and costimulatory molecules such as CD80 and CD86 which leads to CD4+ and CD8+ T-cell activation and differentiation ultimately also shown to effect GVH related skin fibrosis post allogeneic bone marrow transplant [18] .
Cytokines in acute versus chronic GVHD are another area of interest, particularly in terms of the role of chemokines as potential therapeutic target. RT-PCR analysis of expression of cytokines in various severities of disease reveals increased expression of interferon-γ (INF-γ) and interleukin (IL) 10
mRNA as well as upregulated IL-4, IL-5, IL-13 in aGVHD [11, 14] . This evidence of a Th2 pathway was supported by a finding of enhanced CCL17 and CCL22, which were found to be downregulated in chronic forms of GVHD [20] . In contrast, Th1-mediated immune response was predominant in chronic sclerodermatous GVHD as evidenced by increased expression of INF-γ, CXCL9, CXCL10, CCL5 [11, 20] .
Current Therapeutics in Sclerodermatous cGVHD
Evaluating therapies for csGVHD is a challenge on account of the heterogeneous group of patients who are afflicted with single or multiple organ cGVHD involvement. This heterogeneity makes meta-analysis difficult, though increasing attention has focused on the role of chemokines and their potential as a therapeutic target in both acute and chronic GVHD. The use of agents interfering with these particular molecules has shown promising results in animal models of aGVHD but yielded no significant advantage in human patients [6] . Imatinib (a tyrosine kinase inhibitor, TKI) has been used for steroid-refractory sclerodermatous GVHD with initially promising results involving two cases reported in 2008 by Magro et al. wherein two patients who developed refractory sclerodermatous cGVHD following allogeneic stem cell transplant received Imatinib at the dose of 400 mg/day; in both patients, the sclerodermatous GVHD symptoms resolved within 3 months of initiation of the treatment [21] . In larger studies, however, efficacy of Imatinib for severe sclerodermatous cGVHD was limited [22, 23] .
Profibrotic cytokines (such as TGFβ and PDGF) have key roles in the pathogenesis of the autoimmune disease scleroderma as well as sclerodermatous cGVHD [14] . Both of these cytokines are upregulated in the skin of idiopathic scleroderma patients and strongly stimulate matrix synthesis by fibroblasts in the dermis; this phenomenon is also seen histologically in skin samples of patients with sclerodermatous cGVHD [8] . In accordance with these findings, blockade of TGFβ or PDGF signaling has been found to reduce the development of skin fibrosis in various experimental models but only inconsistently in human trials [21] . Long wavelength UVA treatment as well as administration of bone marrow-derived mesenchymal stem cells have been sparsely studied and yield somewhat promising results, though they have not been studied in large scale to assess their true efficacy as of yet [23] [24] [25] . Impact of these modalities on development of chronic GVHD or skin malignancies is also unknown. Similarly, no clear differences in the incidence of cGVHD or sclerodermatous cGVHD between TKI-exposed and unexposed patients was observed in retrospective studies with Imatinib and Dasatinib [4, 26] .
Therapies directed toward B cell mediated GVH have been an attractive target in sclerodermatous GVHD as well as other forms of cGVHD. B cell depletion was considered a potential therapeutic route after the discovery that rituximab (a chimeric human-murine monoclonal IgG antibody targeted at the B cell CD20 receptor) treatment for immune thrombocytopenia actually improved a patient's sclerodermatous GVHD symptoms [27] . Rituximab depletes B cells by various mechanisms resulting in a concomitant decline in T call activation and increase in Treg population [18] . A meta-analysis and systematic review of the efficacy of rituximab in cGVHD in which seven studies were included (three of which were prospective trials), was recently published and revealed a broad range of response rates from 13-100% [27] . Due to the heterogeneity of disease type and burden, very few meta-analyses exist in the literature at this time and this compilation is of utility to the scientific and clinical community. This meta-analysis data show that rituximab is a treatment option for patients with extensive steroid-refractory cGVHD as well as patients with steroid-refractory cGVHD manifesting as thrombocytopenia or with sclerodermatous, other cutaneous or rheumatologic symptoms [27] . Yet another multi-center phase II clinical study performed by Kim, SJ et al found a cutaneous response rate of 77% among a cohort of 22 patients with sclerodermatous GVHD receiving weekly rituximab followed by monthly rituximab administration [28] .
Future Therapeutic Investigations
While the incidence and severity of cGVHD has not decreased, several randomized trials are hoping to show a lower rate of cGVHD. Current therapies are not more effective or less toxic, but some promising therapies are in clinical trials, and there appear to be others still in development to improve outcomes of HCT as well as attempt to prevent occurrence of cGVHD [29, 30] . New therapies may target the specific pathophysiologies of cGVHD, as opposed to the pan-immunosuppressive agents currently available [29] . Specifically, the described role of Th1 cytokines in cGVHD, especially of the skin and liver is a potentially targetable in therapeutics for cGVHD or Th2 cytokines and mediators in efforts to prevent preceding acute GVHD [14, 31] . In addition to targeting fibrosis with imatinib and B cell-mediated antibody depletion to prevent downsteam activation of pro-fibrotic pathways, biologics are continuously studied and developed in attempts to stabilize or improve debilitating and deforming cutaneous manifestations of cGVHD. One such biologic is tocilizumab, an
anti-IL-6 receptor antibody therapy which revealed mixed cutaneous response rates and concern for worsening hyperbilirubinemia in a cohort of 8 patients with both aGVHD and cGVHD [32] .
Pravastatin, a 3-hydroxy-3-methylglutaryl-coenzyme A reductase inhibitor, was investigated for a potential role it may have in cGVHD, though the results of it were promising in murine disease and disappointing in human subjects [33] . Abl kinase and PDGF receptor inhibitors (dasatinib and nilotinib) are also under investigation for a role in cGVHD treatment. A phase II open-label trial specific to cutaneous GVHD is underway at the National cancer Centre which is expected to elucidate useful data in current GVHD therapeutics [34] . Among the emerging therapies for sclerodermatous GVHD, imatinib and rituximab are most convincing. Though sclerodermatous cGVHD is better understood than it was even 5 or 10 years ago, advancements in therapeutics after its onset are few after high dose steroid therapy is exhausted. For patients and practitioners alike, succumbing to complications of the HCT therapy for malignancy in a state of remission is painfully unfortunate. Future directions of research in the pathogenesis of sclerodermatous cGVHD may reveal crucial novel targetable therapy.
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